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Glioma is the most common primary brain tumor in both children and adults. 1 Despite the available optimal therapeutic regimen, the prognosis of glioma patients remains dismal, with a median survival time of only 12-15 months in patients with glioblastoma multiform (GBM) and 2-5 years in patients with anaplastic astrocytoma. 2 To date, only a few factors have been identified as major risk factors for glioma. Among these are exposure to high-dose ionizing radiation (IR), inherited mutations of highly penetrant genes associated with rare tumor syndromes, and absence of allergy. 3 -5 Therefore, in order to reduce the disease burden of gliomas, there is an urgent need to identify genetic, behavioral, environmental, and developmental contributors to glioma risk through epidemiological studies.
Telomeres are specified structures located at the ends of linear chromosomes of eukaryote cells that are composed of a tandem TTAGG repeat and associated proteins. 6 This structure has 2 major functions: maintenance of complete genetic information and inhibition of unwanted DNA-damage signaling and genomic instability. Telomere length is determined by the balance of processes that shorten and lengthen the telomere, thus leading to telomere variation in individuals at the same age. 7 It is estimated that inheritable factors contribute up to 80% of the variation of telomere length, 8 whereas environmental factors such as inflammation and oxidative stress accelerate age-related telomere shortening. 9, 10 The maintenance of telomere length relies on the activity of telomerase, a reverse transcriptase complex that adds DNA sequence repeats ('TTAGGG' in all vertebrates) to the 3 ′ end of DNA strands in the telomere regions. Genetic association studies have indicated that polymorphisms in the telomerase reverse transcriptase-encoding gene TERT and related genes such as TERC, NAF1, OBFC1 and RTEL1 are associated with the variation of telomere length. 11 In addition to telomere-associated proteins, growth factor receptor signaling has been reported to affect telomere length through their effects on telomerase activity. 12 Telomere length variation is strongly implicated in the process of carcinogenesis, although the current findings are still in debate. 6 Due to the 3 ′ -end replication problem of DNA polymerase and insufficiency of telomerase activity, telomeres in normal somatic cells are progressively shortened by 50 -200 base pairs with each round of mitosis, eventually leading to a state named "replicative senescence." 13 In checkpoint-competent cells, when one or more telomeres reaches a critically short length, the unprotected chromosome ends are recognized by DNA-damage response factors such as p53 and p16/Rb pathways, inducing a typical senescence state in which the cells continue to live but are irreversibly blocked from further cell division. 14, 15 This replication-associated attrition of telomeres makes a proliferation barrier of transformed cells in the presence of intact checkpoint mechanisms. However, disrupted checkpoint pathways by oncogenic factors such as SV40 large T antigen allow bypass of replicative senescence that results in genomic instability, including end-to-end fusions and rearrangement of chromosomes, and initiation of malignant transformation in many cancers. 16, 17 Markedly elevated risk of tumors (about 11 times that of the general population) are observed in patients with dyskeratosis congenita, a disease with very short telomeres caused by germline mutations in the components of telomerase complex. 18 Mouse models also support the notion that abnormally short telomere length increases the risk of cancers. 19 In comparison, longer telomeres may increase the risk of developing cancer by allowing more cell division cycles during which more oncogenic mutations may occur. In addition, telomere length maintenance is the prerequisite for the infinite proliferative capacity of cells that harbor tumor-promoting mutations. Indeed, a number of cancer cells regain ability of telomere maintenance by reactivation of telomerase. 6 These sophisticated mechanisms suggest that proper telomere length is critical to preventing cancer development.
The association between telomere length and human cancer has been widely investigated in a range of malignancies. 6 Welldocumented studies, using cancer tissues from patients, have demonstrated that telomere length in neoplastic tissues altered frequently and showed either longer or shorter than matched adjacent normal tissues. 20 Recently, several epidemiological studies have evaluated the associations between telomere length of peripheral blood leukocytes (PBLs) and cancer risk. The majority of these studies showed that shorter telomeres are associated with higher risk of solid tumors (eg, cancers of the bladder, 21 lung, 22 esophagus, 23 stomach, 24 head and neck, 25 ovary, 26 and kidney), 27 whereas several studies indicated that longer telomere length is associated with higher risk of cancers such as hepatocellular carcinoma 28 and skin melanoma. 28 Furthermore, increased risks of lung and breast cancers were also observed in participants with longer telomeres. 29, 30 These conflicts indicate the complicated role of telomeres in cancer development and suggest that further investigation is warranted in this area.
Nevertheless, the association between leukocyte telomere length and glioma risk has not yet been assessed. To address this question, we conducted a case-control study to evaluate the association of telomere length in PBLs and glioma risk. The relative telomere length (RTL) was measured by real-time PCR, and its association with glioma risk was analyzed using an unconditional multivariate logistic regression model. To the best of our knowledge, this is the first epidemiological study to investigate the role of telomere length of PBLs in glioma etiology.
Materials and Methods

Study Population
In our ongoing case-control study, primary glioma patients who underwent surgical resection were consecutively recruited from the Department of Neurosurgery of Tangdu Hospital (which is affiliated with the Fourth Military Medical University) from February 2010 to August 2012. Eligible cases were histopathologically confirmed, previously untreated, and diagnosed within 1 year of enrollment. There was no restriction on age, sex, and tumor grade or stage for case, and 83% of all new cases were included. Healthy controls without any previous cancer history were recruited from the Medical Examination Center of Tangdu Hospital during the period of case enrollment, with a response rate of about 75%. The controls were frequency-matched to the cases on age (+3 years), sex, and residential areas. All participants were Han Chinese.
Epidemiological and Clinical Data
Epidemiological information, including demographics, smoking history, family history of cancer and IR exposure, was collected using a standardized questionnaire by well-trained staff interviewers. Clinical information was collected from medical records and pathological reports. Individuals who never smoked or who smoked fewer than 100 cigarettes during lifetime were classified as "never smokers," whereas "ever smokers" were defined as individuals who smoked more than 100 cigarettes. The number of packyears was calculated as the average number of cigarettes smoked per day divided by 20 cigarettes and then multiplied by smoking years. Data quality was assessed by re-interviewing 5% of all participants. All information exhibited high consistency except IR exposure history, which might stem from inaccurate understanding of IR exposure questionnaires. Therefore, data on IR exposure were not used for further analyses in this study.
After interview, 5 mL venous blood was drawn into coded sodium citrate-coated tubes from each participant. Blood samples were processed and stored according to the procedure described previously. 28 The study was approved by the Ethical Committee of the Fourth Military Medical University, and written informed consent was obtained from all participants. All study procedures were carried out in accordance with the ethical standards of the Helsinki Declaration.
Determination of Telomere Length by Real-time Quantitative PCR
High-quality genomic DNA was extracted from PBLs of all participants using the RelaxGene Blood DNA System (TIANGEN) according to the manufacturer's instructions. RTL was measured using a real-time quantitative PCR-based method, as previously described, with the same primers for telomere (Tel-g and Tel-c) and the single-copy nuclear gene HGB (HGB-1 and HGB-2). 28 Briefly, 2 pairs of primers were used in the 2 steps of relative quantification of telomere length. In the first step, the ratio of telomere repeat copy number to HGB copy number was determined for each sample using standard curves. The derived ratio was proportional to the overall telomere length. In the second step, the ratio for each sample was normalized to that Wang et al.: Telomere length and glioma risk of a calibrator DNA sample to standardize differences between runs, and the normalized ratio was defined as RTL.
Gene-specific amplification was performed in a LightCycler480 QPCR System (Roche) with a 10 mL PCR mix containing 4 ng of genomic DNA, 1× SYBR Green master mix (Takara), 450 nM Tel-g (or 250 nM HGB-1), and 450 nM Tel-c (or 250 nM HGB-2). The thermal cycling profile for telomere amplification was 1 cycle at 958C for 30 seconds; 2 cycles at 948C for 15 seconds and 498C for 15 seconds; then 32 cycles at 868C for 15 seconds, 628C for 10 seconds, and 748C for 15 seconds with signal acquisition. The thermal cycling conditions for human globulin amplification were at 958C for 30 seconds, followed by 35 cycles at 948C for 30 seconds, 588C for 30 seconds, and 728C for 50 seconds with signal acquisition. The same negative and positive controls, a calibrator DNA, and samples for constructing a standard curve were included on each plate. The R2 for each standard curve was ≥0.99, and the acceptable standard deviation was lower than 0.25 (for cycle threshold values). The intra-assay or inter-assay variations were evaluated by assaying one sample in 8 replicates or in 3 different runs, respectively.
Statistical Analysis
All statistical analyses were performed using the IBM SPSS Statistics 19.0 software (IBM). Normally distributed continuous data were expressed as mean+SD, while abnormally distributed continuous variables were expressed as median with a bracketed range. The chi-square test was used to examine differences of categorical variables between cases and controls. The Student t test was used to analyze the differences in age and pack-years of smoking, and the Mann-Whitney U test was used for RTL comparison. Spearman correlation analysis was conducted to explore the relationship between RTL and age. The association between RTL and glioma risk was estimated by odds ratio (OR) and 95% confidence interval (CI) using an unconditional multivariate logistic regression model with adjustments for age, sex, smoking status, and family history of cancer. A restricted cubic spline curve was plotted in the logistic regression model to evaluate the shape of the association. All statistical tests were 2-sided, and P , .05 was considered significant.
Results
A total of 467 glioma cases and 467 healthy controls were included in this study. The epidemiological and clinical characteristics of the participants were summarized in Table 1 . The cases and controls were well matched in age (P ¼ .93) and sex (P . .99). The ages of controls and cases were 42.9+16.1 years and 42.8+15.7 years (P ¼ .93), respectively. There was a higher percentage of men who suffered from glioma than women (61.5% vs 38.5%) in our study, which was consistent with previous epidemiological data on glioma. 1 There was no significant difference in either smoking status or family history of cancer between cases and controls. Among the total of 467 cases, 209 were diagnosed with low-grade glioma (WHO grade I/II) including 143 astrocytomas, 44 oligoastrocytomas, 5 oligodendrocytomas, 16 ependymomas and 1 pleomorphic xanthoastrocytoma, and 258 were diagnosed with high-grade glioma (WHO grade III/IV) including 95 anaplastic astrocytomas, 12 anaplastic oligoastrocytomas, 6 anaplastic oligodendrocytomas, 3 anaplastic ependymomas, and 142 GBMs.
We performed real-time quantitative PCR to measure the RTL of PBLs from cases and controls. The mean inter-assay coefficient variation (CV) of real-time PCR reaction was 6.2% (range, 3.6% -9.5%), whereas intra-assay CV was 5.3% (range, 2.8% -7.1%). Our results indicated that glioma patients had notably longer median RTL than healthy controls (0.555 vs 0.444; P . .04; Table 2 ). Moreover, we compared RTL according to host characteristics (Table 2 ). Our data showed that glioma patients younger than aged 43 years had longer median RTL than corresponding healthy Wang et al.: Telomere length and glioma risk controls (0.665 vs 0.553; P , .02), whereas no significant casecontrol difference was observed in other stratified subgroups. In addition, no significant modulating effect of selected characteristics (except for age) on RTL was found in both cases and controls, with P values ranging from ,.10 to ..59. Similarly, no significant difference in RTL was found between patients diagnosed with lowgrade glioma and those with high-grade glioma (0.549 vs 0.563, P ¼ .65). In both cases and controls, we observed that older individuals had significantly shorter RTL than younger individuals (both P , .001). Spearman' correlation analysis showed that RTL was negatively correlated with age in both groups, with a correlation coefficient (r) of 20.388 (P , .001) and 20.430 (P , .001) in controls and cases, respectively (Fig. 1) .
To assess the association between RTL and glioma risk, we performed an unconditional multivariate regression analysis adjusted for age, sex, smoking status, and family history of cancer. The participants were categorized into 3 groups based on the tertile values of RTL in controls. When using the second tertile as reference, the ORs (95% CI) for participants in the first and third tertiles of RTL were 2.16 (range, 1.52 -3.09) and 3.51 (range, 2.45 -5.00), respectively (Fig. 2) , which indicated a nonlinear relation between RTL and glioma risk. We further used a restricted cubic spline function in the logistic regression model to evaluate the shape of association (Fig. 3) . Our result exhibited a typical U-shaped association between RTL and risk of glioma; that is, either shorter or longer RTL was associated with increased risk (P for nonlinearity ,.001). Moreover, major host characteristics, such as smoking status and family history of cancer, had no effect on the risk of glioma. To further remove the confounding effects of host characteristics, we conducted a stratified analysis and found that all of the host characteristics, including age, sex, smoking status, and family history of cancer and grade, had no impact on the association between RTL and glioma risk except for a borderline P value (P , .07) in the male participants (Table 3) .
Discussion
In this case-control study, we examined the RTL in PBLs from glioma patients and healthy controls using real-time PCR-based method. Our findings indicated that RTL was notably longer in patients with glioma than in healthy controls. Most importantly, Fig. 1 . Spearman's correlation analysis between relative telomere length and age in glioma cases (A) and healthy controls (B). There were negative correlations between RTL and age in participants of both groups. Fig. 2 . Risk of glioma as estimated by selected characteristics. Odds radios (ORs) were calculated by logistic regression analysis with adjustments for age (years, continuous variable), sex, smoking status, family history of cancer, and relative telomere length, where appropriate. Solid squares indicated study-specific ORs; horizontal lines indicated 95% confidence intervals; dotted vertical line showed the OR value of reference. Fig. 3 . Dose-dependent effect of RTL on glioma risk. RTL was transformed into natural logarithm and then standardized using the mean and standard deviation of RTL in control group. There was a U-shaped relationship between RTL and glioma risk (P for nonlinearity ,.001).
logistic regression analysis demonstrated that either longer or shorter RTL was significantly associated with an increased risk of glioma, indicating a U-shaped association between RTL and glioma risk. These data suggest that RTL might serve as a potential susceptibility biomarker for early preventive screening of glioma.
To date, a number of studies have examined telomere length in PBLs and its association with cancer risks. 31 However, the results are inconsistent with positive, negative, or null associations between telomere length and cancer risks. The majority of these studies have shown that short telomere length is significantly associated with increased risks of cancers such as bladder, 21 lung, 22 stomach, 24 ovarian, 26 kidney, 27 and breast 32 cancers as well as osteosarcoma 33 and non-Hodgkin's lymphoma. 34 On the contrary, longer telomere has also been found to be associated with increased risks of hepatocellular carcinoma, 28 skin melanoma, 35 non-Hodgkin's lymphoma, 36 lung, 30 and breast 29 cancers. Interestingly, our findings indicate that both longer and shorter RTL are associated with higher risk of glioma, suggesting a U-shaped association between RTL in PBLs and glioma risk consistent with the report of Skinner H et al., who observed a 37 Moreover, data from the Shanghai Women's Health Study also demonstrated a U-shaped association between telomere length and the risks of breast and colorectal cancers in women. 38, 39 These discrepancies may be partially explained by the dual role of telomere in the development of specific cancers. Certainly, differences in study design, specific cancer site, limited statistical power, variability in confounding factors, and laboratory measurement of telomere length may be contributing factors to these discrepancies. In addition, it remains unclear whether the timing of sample collection plays a role in the variability of findings across studies. Therefore, large studies, particularly in prospective settings, are needed to confirm these findings.
The detailed molecular mechanisms underlying these findings need to be further investigated. Recent studies have suggested that the length of telomere plays a crucial role, like a double-edged sword, in the carcinogenesis. 6 On the one hand, telomere shortening may trigger genomic instability, which leads to gene rearrangement and cancer initiation. 40 On the other hand, long telomeres may abolish the replicative barrier of cells which harbors tumorigenic mutations, thus leading to an elevated cancer risk. 41 Moreover, it is conceivable that there may be a balance of telomere length to maintain normal physiological homeostasis. Either excessively short or long telomere length could contribute to cancer development once the balance is broken. The phenomena that both longer and shorter RTL are associated with higher cancer risk might reflect different mechanisms of carcinogenesis caused by telomere dysfunction in different subtypes of cancers. Indeed, genomic and molecular pathological heterogeneity do exist in malignancies, including glioma. 2 Therefore, the detailed mechanisms of telomere-associated tumorigenesis need to be further explored.
In addition to the TERT, regulator of telomere elongation helicase 1 (RTEL1) also plays an important role in the stability, protection, and elongation of telomeres.
49 Therefore, polymorphisms in these genes may affect the predisposition to telomere dysfunction-related malignancies, including glioma. Indeed, genome-wide association studies (GWAS) have reported that SNPs rs2736100 and rs2853676 in TERT and SNPs rs6010620, rs2297440, and rs4809324 in RTEL1 are significantly associated with the risk of glioma. 33 In a case-control study of Chinese population, we have validated the GWAS findings (except for rs2736100) and observed that there is a significant association between rs2853676, rs6010620 or rs2297440, but not rs4809324, and glioma risk. 42, 43 In this study, we collected all genotyping data for these 5 SNPs and evaluated their associations with RTL. Consistent with previous GWAS findings, 13 our results indicated that SNP rs2736100, but not others, was significantly associated with telomere length (data not shown). These findings suggest that telomere length , as a quantitative trait, can be affected by many genetic and environmental factors as well as their interaction. The mechanisms underlying the effects of SNPs in telomere length-regulating genes on glioma risk need to be elucidated in future studies. Moreover, Walsh et al have reported that risk alleles on rs2736100 and rs6010620 are associated with olderage at glioma diagnosis, indicating the important role of interaction between SNPs and aging in gliomagenesis. 44 Our stratified analysis has also identified a more evident association between RTLand glioma risk in older patients (.43 years) than those in younger patients (≤43 years).
Due to its age-dependent shortening in most somatic cells, telomere length can serve as a biomarker for biological age. 45 Our observation supports this biological phenomenon by showing that RTL was negatively correlated with age in both cases and controls. In addition, we did not find a significant association between the telomere length and major host characteristics such as sex, smoking, and family history of cancer in both cases and controls. These observations are in line with some of the previous reports. 46 Our study has several strengths and limitations. Our population was enrolled from Xi'an and its adjacent areas, a region with high geographical stability, which could greatly reduce the potential confounding effects of the heterogeneous participants in most casecontrol studies. However, because the participant cases are from hospital-based patients rather than the general population, there might be some risk of selection bias if they had any differences in terms of the studied exposures. Moreover, due to inaccurate understanding of the IR-exposure questionnaire by participants, we did not obtain acceptable consistency for IR exposure data when crosscheck was performed by 2 interviewers. Thus, we were unable to adjust for this important risk factor in our association study, and the potential interaction between RTL and IR exposure cannot be examined. However, the frequency of IR exposure in Chinese glioma cases and healthy controls is always too low (,5%) to generate a meaningful analysis, as previously reported. 47 Therefore, the lack of IR exposure data would not significantly affect our results. To elucidate the specific telomere-environment interaction would be of significant interest in future studies. Furthermore, because the current study is a retrospective one in which blood samples were collected after diseases were diagnosed, it is not clear whether the variation of RTL happened before or after the onset of glioma. Therefore, future prospective epidemiological studies are warranted to further validate our findings.
In conclusion, our study, for the first time, provides epidemiological evidence for the association between telomere length in PBLs and risk of glioma, with a U-shaped dose-dependent manner in a hospital-based case-control study. Once confirmed, RTL in PBLs may serve as a novel biomarker for glioma risk predication, and preventive strategies could be developed based on the preservation of telomere length. In future studies, further efforts are needed to explore the biological mechanisms of telomere alteration in the development of glioma and its clinical significance in diagnosis and treatment of glioma.
